Parvovirus B19 comprises three distinct genotypes (1, 2, and 3). The distribution of B19 genotypes has not before been examined in South Africa. Two hundred thirty-nine laboratory samples submitted to a diagnostic virology laboratory for parvovirus DNA detection were analyzed retrospectively. Of the 53 PCR-positive samples investigated, 40 (75.4%) were identified as genotype 1 by genotype-specific PCR or consensus NS1 PCR and sequencing and 3 (5.7%) as genotype 2 and 10 (18.9%) as genotype 3 by analysis of NS1 sequences. Furthermore, phylogenetic analysis identified two genotype 1 sequences which were distinct from the previously described genotypes 1A and 1B. Interestingly, a genotype 2 virus was detected in the serum of an 11-year-old child, providing evidence for its recent circulation. This is the first study to demonstrate the concurrent circulation of all three genotypes of B19 in South Africa and the provisional identification of a novel subtype of genotype 1. The implications of parvovirus B19 variation are discussed.
Parvovirus B19 is a member of the genus Erythrovirus of the family Parvoviridae (32) . Until 2005, parvovirus B19 and adeno-associated viruses in the genus Dependovirus were the only known parvoviruses to infect humans (35) . Recently two novel human parvoviruses have been discovered, namely, PARV4 and human bocavirus, with the latter associated with respiratory tract infections and PARV4, as yet, an orphan virus (1, 10, 18) .
Parvovirus B19 targets erythroid progenitor cells, and infection in humans is associated with a spectrum of clinical manifestations ranging from the mild erythema infectiosum in children to pure red cell aplasia due to persistent infection in immunocompromised persons. Chronic anemia due to persistent parvovirus infection is not uncommonly seen in HIVinfected individuals, particularly where access to highly active antiretroviral therapy (HAART) is delayed (23) .
While most individuals experience transient infection in childhood, there is mounting evidence that the virus persists following acute infection in certain tissue types, including liver, synovium, and skin (8, 15, 17, 19, 20, 26, 25, 31) . The persistence of B19 DNA in tissue is thought to be lifelong and of uncertain clinical significance (25, 26) . Norja et al. have termed this persistence of viral DNA in tissues the "bioportfolio" and are now utilizing this information to determine the evolution and molecular epidemiology of the virus (25, 26) .
The genome of parvovirus B19 consists of a single strand of linear DNA of about 5,600 nucleotides which encodes three proteins of known function, the nonstructural protein NS1 and the two structural proteins viral protein 1 (VP1) and viral protein 2 (VP2) (6, 7) . Genetic variation among B19 strains is very low, with Ͻ2% divergence across the genome; however, certain genes such as the VP1 unique region (VP1-u) gene have greater sequence variation (up to 4%) (11, 14) . Recently, several strains with considerable sequence diversity were discovered, resulting in the identification of three distinct genetic clusters.
Three genotypes of erythrovirus are now recognized. Parvovirus B19 is the prototype of genotype 1 and is responsible for the majority of human infections worldwide (30) . Genotypes 2 and 3 display more than 10% nucleotide divergence compared to reference B19 strains (30) . Genotype 2 (prototypes LaLi and A6) has been identified at very low frequency in viremic individuals in Europe, Brazil, and Vietnam (16, 21, 24, 29, 33) . In central and northern Europe, genotype 2 DNA has been found at much higher frequency in tissue samples of older individuals, and it is believed to be an ancestral virus that circulated in humans in this region up to the 1970s but was replaced by genotype 1 (26) . Genotype 3 (prototypes V9 and D91.1) has been identified in French and Brazilian patients as well as in blood donors from Ghana, where it is though to be endemic (4, 29, 30) .
In addition to the three main genotypes, two subgroups of genotype 1 strains in Vietnamese patients and two subgroups of genotype 3 strains from Ghana, Europe, and Brazil have been described (4, 27, 33) . Recent studies show that parvovirus B19, in contrast to other DNA viruses, has an inherent rate of genetic drift similar to that of RNA viruses, which in part explains the observed diversity (25, 26) .
To our knowledge, there have been no publications reporting on the diversity of B19 strains in South Africa. Of major relevance to the diagnostic laboratory is that both commercial and "in-house" PCR assays may fail to detect variants due to mismatches at primer binding sites (2, 5, 16). Indeed, this study was prompted by the identification of a patient with classic parvovirus-induced pure red cell aplasia in which the viral sequence was not amplified by a genotype 1-specific PCR assay. The aim of this retrospective study was to reanalyze samples that had been submitted to our diagnostic virology laboratory for parvovirus investigation using an assay able to detect all known parvovirus genotypes, with a view to determining the distribution of parvovirus variants in South Africa.
MATERIALS AND METHODS
Study samples. Over a 2-year period (August 2006 to August 2008), 239 samples were submitted to the diagnostic virology laboratory for the detection of parvovirus infection by PCR. To avoid skewing of the data, multiple samples from the same patient were excluded. The sample types submitted for testing included blood (n ϭ 233, 97.5%), bone marrow (n ϭ 3, 1.3%), amniotic fluid (n ϭ 2, 0.8%), and a single tissue sample. The majority of the samples were from immunocompromised patients in the Western Cape Province of South Africa who were suspected of having chronic parvovirus B19 infection.
Screening for parvovirus DNA in these samples had been performed using a genotype 1-specific VP2 nested PCR as described by Heegaard et al. (12) . Sufficient sample was available from 141 PCR-negative and 11 PCR-positive serum and bone marrow specimens for further analysis. Samples had been stored at Ϫ20°C after initial testing.
Viral DNA isolation. Depending on the sample volume, viral DNA was extracted from between 200 l and 1 ml of serum or bone marrow using the Nuclisens EasyMAG platform (bioMérieux, Boxtel, the Netherlands) according to the manufacturer's instructions. DNA was eluted in 50 l elution buffer and stored at Ϫ20°C.
Consensus NS1 PCR for the detection of all three parvovirus genotypes. A consensus parvovirus B19 nested PCR was used to screen the samples in this study using primer sequences located within the NS1 gene as published by Candotti et al. (4) . Primer positions refer to the parvovirus V9 sequence (GenBank accession number AX003421) (4). The first-round PCR was performed with a 50-l reaction mixture containing 10 l extracted DNA, 15 mM Tris-HCl (pH 8), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM deoxynucleotide triphosphates (ABgene, Epsom, United Kingdom), 20 pmol each of primers PVB-1 (5Ј-CACTATGAAAACTGGGCAATAAAC-3Ј; positions 1747 to 1770) and PVB-2 (5Ј-AATGATTCTCCTGAACTGGTCC-3Ј; positions 1988 to 1967), and 1.5 U Supertherm Taq polymerase (JMR Holdings, Kent, United Kingdom). Amplification was performed on a Thermo Hybaid PxE 0.2 thermal cycler (Thermo Scientific, Waltham, MA), with the following conditions: 1 cycle of 94°C for 2 min; 40 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 45 s; and a final elongation step at 72°C for 7 min. The second-round PCR was performed using the same basic master mix ingredients containing 50 pmol of each inner primer, namely, PVB-3 (5Ј-ATAAACTACACTTTTGATTTCCCTG-3Ј; positions 1765 to 1789) and PVB-4 (5Ј-TCTCCTGAACTGGTCCCG-3Ј; positions 1982 to 1965) and 2 l of first-round PCR product. Cycling conditions were as for the first-round PCR, although the annealing temperature was increased to 58°C. Amplified products were separated by electrophoresis in 2% agarose gel and visualized under UV irradiation after staining with ethidium bromide. The expected sizes of the outer and inner PCR products were 241 bp and 217 bp, respectively. All work was performed in an ISO-15189 accredited molecular laboratory which employs strict precautions to prevent contamination.
Parvovirus sequence and genotype analysis. Amplified products from samples that were positive with the consensus NS1 PCR were sequenced. The PCR products were purified using a QIAquick PCR purification kit (Qiagen, Hilden, Germany) and sequenced on a ABI 3130XL genetic analyzer with a fluorescent dye terminator kit in accordance with the manufacturer's instructions (Applied Biosystems, Foster City, CA).
The nucleotide sequences were aligned using CLUSTALG software (version 1.4), and a phylogenetic tree was constructed with the Kimura 2-parameter neighbor-joining method with 1,000 bootstrap resamplings using the Treecon software program, version 1.3b (34) . Comparative reference sequences of genotype 1A (M24682, M13178, NC_000883, DQ225150, DQ225151, DQ408301, Z68146, DQ225149, AF162273, and AY504945), genotype 1B (DQ357065 and DQ357064), genotype 2 (AY064476, AY064475, AY044266, DQ333428, DQ333426, and DQ333427), genotype 3A (DQ234771, AY582125, DQ234769, NC_004295, AX003421, and AJ249437), and genotype 3B (DQ408304, DQ234778, DQ234779, AY647977, AY582124, AY083234, and DQ408303) were obtained from GenBank. The phylogenetic tree was rooted with simian parvovirus (GenBank accession number U26342).
Confirmation of parvovirus genotypes determined by phylogenetic analysis of the NS1 PCR sequence. To confirm the genotypes determined by analysis of the NS1 product, a larger PCR product spanning the NS1-VP1-u junction was amplified and sequenced. Primer sequences used in this seminested PCR were as published by Candotti et al. (4) . First-round PCR was performed using the same reaction mixture and cycling conditions as the consensus NS1 first-round PCR, except for using 20 pmol of primers PVB-1 and B19SR (5Ј-CCAGGCTTGTG TAAGTCTTC-3Ј; positions 2691 to 2672) and extending at 72°C for 1 min 30 s. Second-round PCR was performed using 2 l of the first-round product and the same reaction mixture containing 50 pmol of primers PVB-3 and B19SR and cycling conditions as for the first round. The 926-bp second-round PCR products were analyzed by electrophoresis in a 2% agarose gel stained with ethidium bromide. Amplified products were sequenced and aligned as for the NS1 PCR products using the following reference sequences for comparison: genotype 1A, M24682, M13178, NC_000883, DQ225151, DQ408301, Z68146, DQ225149, AF162273, and AY504945; genotype 1B, DQ357065 and DQ357064; genotype 2, AY064476, AY064475, AY044266, DQ333428, DQ333426, and DQ333427; and genotype 3, DQ408302, DQ408305, AY083234, AX003421, AJ249437, DQ408303, and DQ408304. The phylogenetic tree was rooted with simian parvovirus (GenBank accession number U26342).
Nucleotide sequence accession numbers. The GenBank accession numbers of the nucleotide sequences analyzed in this study were FJ904084 to FJ904121 and GQ337718 to GQ337722.
RESULTS

Detection of parvovirus DNA in patient samples.
Of the 239 samples originally tested for B19 DNA over the 2-year period by means of the genotype 1 VP2 nested PCR, 26 samples (10.9%) were initially found to be PCR positive. The 11 PCRpositive serum samples that were available for subsequent amplification with the consensus NS1 PCR were confirmed positive with the consensus NS1 PCR. Twenty-seven (19.1%) of the 141 samples that were originally PCR negative were found to be PCR positive with the consensus NS1 PCR. Of these, 26 were serum samples, while the remaining parvovirus-positive sample was bone marrow.
Sequence analysis of the parvovirus variants. All 11 samples that amplified with both the VP2 and NS1 primers clustered with genotype 1A (Fig. 1) when the NS1 sequences were analyzed. Of the 27 samples that amplified only with the NS1 primers, 12 grouped with genotype 1A. Two samples, V08/521 and V08/468, formed a separate cluster within genotype 1 and distinct from genotype 1B, with high bootstrap values (Fig. 1) . Three samples clustered with genotype 2 and 10 with genotype 3B.
Sixteen samples were analyzed with the NS1-VP1-u PCR, as insufficient specimen volume precluded analysis of all samples positive with the NS1 PCR. Nevertheless, the presence of all three genotypes was confirmed. Phylogenetic analysis of the NS1-VP1-u product revealed that 13 samples clustered with genotype 1A (Fig. 2) . The existence of a novel genotype 1 variant was confirmed when analyzing the NS1-VP1-u PCR product from sample V08/468. In addition, one sample containing genotype 2 and one containing genotype 3 were confirmed with the longer PCR product (Fig. 2) .
Clinical diagnoses of patients infected with parvovirus B19. Comprehensive clinical details of the patients infected with parvovirus in this study were not available, as many of the samples had been referred from outlying health care facilities. From the limited details available, no particular genotype was found to exclusively or to predominantly infect a particular patient group.
Of the 38 B19 genotype 1-infected patients, 16 were HIV infected, with chronic anemia, 4 had a hematological malignancy, 4 had a cardiomyopathy, 2 had congenital parvovirus infections, 1 had a primary parvovirus infection, and 1 was a renal transplant patient with anemia. Clinical diagnoses in the remaining 10 genotype 1-infected patients were not available. One of the patients infected with the novel genotype 1 variant was HIV infected with pure red cell aplasia (V08/468), and the other had systemic lupus erythematosus with a pancytopenia (V08/521).
Of the genotype 2-infected patients, 1 was an 11-year-old HIV-infected child with anemia. No clinical diagnoses were available for the remaining two patients with genotype 2 infections. Of those infected with genotype 3, two were HIV infected with anemia, 2 had a hematological malignancy, 1 had congenital parvovirus infection, and 1 had a primary B19 infection. No diagnoses were available for the remaining 4 patients.
DISCUSSION
Published data on parvovirus genotypes in South Africa are limited to the study by Candotti et al., who reported the presence of B19 DNA in 2 out of a total of 360 blood donor plasma (4) . Of the 239 samples selected for this study, a total of 53 B19 PCR-positive samples were found, 26 by a genotype 1-specific PCR targeting the VP2 region and an additional 27 by a consensus PCR targeting the NS1 region. Of these, 40 (75.5%) were identified as genotype 1 by genotype 1-specific VP2 PCR or sequencing and phylogenetic analysis of the NS1 PCR product, 3 (5.6%) as genotype 2, and 10 (18.9%) as genotype 3. These results reflect the distribution of B19 genotypes in a largely immunocompromised group of patients and may not necessarily mirror the genotypes circulating in the general population. Unknown selective pressures acting on the study population might increase the proportion of unusual genotypes in this group. In this study we identified 2 novel genotype 1 viruses (V08/ 521 and V08/468), which formed a separate cluster within genotype 1 distinct from 1A and 1B. The existence of this putative novel subtype of genotype 1 was confirmed by phylogenetic analysis of a larger NS1-VP1-u PCR product (926 bp), which also clustered separately from 1A and 1B. Further work to determine the full genome sequences of these two viruses is ongoing.
Fourteen genotype 1-containing samples were negative on initial screening with the genotype 1-specific VP2 PCR, but viral DNA was detected on retesting with the consensus NS1 PCR. The reason for this is not clear. Failure to detect the 2 viruses provisionally identified as a novel genotype 1 subtype is likely to be due to primer mismatches. However, the remaining 12 samples contained virus typical of genotype 1. A difference in analytical sensitivity between the VP2 and NS1 PCR is unlikely to explain this either, as both assays are known to have a limit of detection of approximately 100 IU/ml of sample.
Another interesting finding in this study is that it provides evidence of contemporary circulation of genotype 2 viruses in South Africa. One of the genotype 2 isolates in this study was detected in a serum sample from an 11-year-old patient who had no history of receiving blood or blood products. This is in contrast with studies in central and northern Europe that suggest that circulation of genotype 2 viruses ceased in the early 1970s and that these viruses were replaced by genotype 1 viruses (22, 25, 26) .
The spectrum of clinical manifestations associated with genotypes 2 and 3 has so far been found to be similar to that of genotype 1 infections (11, 30) . However, in both this and other studies, patients were selected for parvovirus investigation on the basis of clinical presentations typical of B19 infection (11, 30) . Further studies are needed to determine whether infections with genotypes 2 and 3 are associated with novel clinical presentations. The existence of B19 variants has indeed complicated the laboratory diagnosis. PCR-based qualitative and quantitative assays may fail to amplify non-genotype 1 viruses, and PCR results should be interpreted with caution, particularly in geographical areas where variants are known to circulate. Commercial enzyme-linked immunosorbent assays (ELISAs) for the detection of IgG and IgM responses to B19 utilize recombinant genotype 1 VP2 proteins as the capture antigens. Despite significant diversity at the nucleotide level between the genotypes, there is a high degree of homology of the VP2 capsid protein at an amino acid level. Thus, there is likely to be significant immunological crossreactivity between virus variants, and this has been demonstrated in previous studies (9, 13, 28) . In addition, the existence of variants may have implications for treating chronically infected patients with immunoglobulin. Commercial preparations of immunoglobulin are likely to contain neutralizing antibodies predominantly to genotype 1 viruses. Neutralizing antibody responses are directed to epitopes located within the N terminus of VP1, and amino acid variability between the three genotypes is approximately 15% within this region (4). How effective parvovirus antibodies contained in standard immunoglobulin preparations are at neutralizing variant virus remains to be determined (3) .
In summary, this is the first study to investigate the distribution of parvovirus B19 genotypes in South Africa. In this cohort, all three genotypes were detected, with genotype 1 predominating as anticipated. Furthermore, we provide evidence for the recent circulation of genotype 2 viruses and the presence of novel genotype 1 viruses in South Africa. The diversity observed within parvovirus B19 viruses has important implications for the laboratory diagnosis and possibly treatment of these infections. In addition it remains to be shown whether there are novel clinical manifestations associated with non-genotype 1 infections.
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